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We propose a new mechanism to explain neutrino masses with lepton number conservation, in which
the Dirac neutrino masses are generated at the two-loop level involving a dark matter candidate. In this
model, branching ratios of lepton flavor violating decays of the Higgs boson can be much larger than
those of lepton flavor violating decays of charged leptons. If lepton flavor violating decays of the Higgs
boson are observed at future collider experiments without detecting lepton flavor violating decays of
charged leptons, most of the models previously proposed for tiny neutrino masses are excluded while
our model can still survive. We show that the model can be viable under constraints from current data
for neutrino experiments, searches for lepton flavor violating decays of charged leptons, and dark matter
experiments.
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I. INTRODUCTION
Although the Standard Model (SM) is consistent with
the current data of collider experiments, there are still
mysterious phenomena which cannot be explained in the
SM, such as the origin of neutrino masses, the nature of
dark matter and the baryon asymmetry of the Universe.
To explain these phenomena by extending the SM is
one of the central interests of today’s high energy
physics. Various models and mechanisms have also been
proposed.
For the origin of neutrino masses, many new models
have been studied along with the idea of the seesaw
mechanism, which explains Majorana-type tiny neutrino
masses by introducing new heavy particles, such as right-
handed neutrinos [1,2], an additional isospin triplet scalar
field [2,3] and isospin triplet fermions [4]. There is also
an alternative scenario where tiny neutrino masses are
generated by quantum effects. The first model along this
line was proposed by Zee [5], in which one-loop effects
due to an additional Higgs doublet field and a charged
singlet scalar field yield Majorana-type tiny neutrino
masses. There have been many variation models [6–
12], some of which introduce an unbroken discrete
symmetry in order not only to forbid tree-level generation
of neutrino masses but also to guarantee the stability of
extra particles in the loop so that the lightest one can be
identified as a dark matter candidate [9–12]. In Ref. [11],
an extended scalar sector for inducing neutrino masses at
the three loop level with a dark matter candidate is also
used to cause the strongly first order electroweak phase
transition, which is required for successful electroweak
baryogenesis [13].
In addition, models which generate Dirac-type tiny
neutrino masses by quantum effects have also been
proposed in Refs. [14–16]. In Ref. [16], introducing
right-handed neutrinos with an odd quantum number under
a new discrete symmetry, Dirac-type tiny neutrino masses
are generated at the two-loop level. This model also has a
dark matter candidate and can realize the strongly first
order phase transition.
In Ref. [17], a class of models in which Majorana-type
tiny neutrino masses are generated by quantum effects has
been comprehensively studied by using flavor structures of
induced neutrino mass matrices. Classification of models to
generate Dirac-type neutrino masses has also been per-
formed in Ref. [18].
Several years ago, anomaly for a lepton flavor violat-
ing (LFV) decay process of the Higgs boson h→ μτ at
the LHC was reported by ATLAS [19] and CMS [20,21],
although it disappeared soon later [22]. Motivated by this
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anomaly, the authors of Ref. [23] examined in a
systematic way what kind of models for neutrino masses
can predict a significant amount of signals for h → μτ.
In Ref. [23], it was shown that most of the proposed
models radiatively generating Majorana-type neutrino
masses and Dirac-type neutrino masses, as well as
minimal models of Type-I, II and III seesaw mechanisms
are excluded if the signal of LFV decays of the Higgs
boson is observed at future collider experiments without
detecting LFV process for charged leptons. They also
found that only a few models, in which Dirac-type
neutrino masses are generated radiatively, may not be
excluded even in this case.
In this paper, we concretely build one of such models,
where additional scalar fields as well as right-handed
fermions are introduced with even or odd charge under
new discrete symmetries, so that Dirac-type tiny neu-
trino masses are generated at the two-loop level and a
dark matter candidate is also contained. The branching
ratio for LFV decays of the Higgs boson is not too
small in spite of the stringent constraints from LFV
processes for charged lepton decays. We will show that
the model can be viable under the constraints from
current data for neutrino experiments, searches for
flavor violating decays of charged leptons and dark
matter experiments.
This paper is organized as follows. In Sec. II, we define
our model and introduce new fields and symmetries. In
Sec. III, we give the formula of neutrino mass matrix
which is generated at two-loop level. In Sec. IV, we
consider the LFV processes l → l0γ, h → ll0 and
lm → l¯nlplq. In Sec. V, we show formulas of the
thermally averaged cross sections of annihilation proc-
esses of the dark matter and the relic abundance. In
Sec. VI, we present two benchmark scenarios and give
numerical results of various phenomena in Secs. III–V.
The first scenario is for the normal ordering mass
hierarchy of neutrinos, and the second one is for the
inverted ordering one. Conclusions are shown in Sec. VII.
Some formulas are presented in Appendices.
II. MODEL
In our model, fields listed in Table I are added to the SM
ones. We impose the conservation of the lepton number L
to our model. Gauge singlet right-handed fermions νiR
(i ¼ 1, 2, 3) have L ¼ 1, which compose three Dirac
neutrinos with left-handed neutrinos νlL (l ¼ e, μ, τ) of the
SM lepton doublet fields Ll ¼ ðνlL;lLÞT . On the other
hand, lepton numbers of the other gauge singlet fermions
ψaR (a ¼ 1, 2, 3) are zero. They haveMajorana mass terms,
1
2
Mψaψ
c
aRψaR, without breaking the lepton number con-
servation, while Majorana mass terms of νiR are forbidden.
If neutrinos have Yukawa interactions ðYνÞliLlϕcνiR with
the SMHiggs doublet field ϕ ¼ ðϕþ;ϕ0ÞT , masses of Dirac
neutrinos can be generated with the vacuum expectation
value hϕ0i. However, required values of Yukawa coupling
constants ðYνÞli for tiny neutrino masses seem to be
unnaturally small. Thus, we impose a softly broken discrete
symmetry ðZ02Þ to our model in order to forbid tree-level
Yukawa interaction of neutrinos, where νiR are odd under
Z02 while fields in the SM are even. Assignments of Z
0
2
quantum number to the new fields are shown in Table I.
Although neutrino masses in the Lagrangian are forbidden
by Z02, they can be generated at the loop level via the soft
breaking effect in the scalar sector. Throughout this paper,
we take the basis where l, νiR, and ψaR are mass
eigenstates.
Four new scalar fields (Φ, sþ1 , η, and s
þ
2 ) are involved in
our model in addition to the Higgs doublet field ϕ of the
SM. Both of sþ1 with L ¼ −2 and sþ2 with L ¼ −1 are
SUð2ÞL-singlet fields with Y ¼ 1. On the other hand, Φ ¼
ðΦþþ;ΦþÞT with Y ¼ 3=2 and η ¼ ðηþ; η0ÞT with Y ¼
1=2 are SUð2ÞL-doublet fields. The doublet field Φ has
L ¼ −2, and the even parity under Z02 is assigned to Φ.1
Although η belongs to the same representation as ϕ under
the SM gauge symmetry, η has L ¼ −1 in contrast with
L ¼ 0 for ϕ. We restrict ourselves to the case where η0, the
neutral component of η, does not have a vacuum expect-
ation value in order to keep the lepton number conserva-
tion. The other new scalar fields do not also have vacuum
expectation values because they are electrically charged.
Apart from Z02, an accidental unbroken discrete sym-
metry (Z2) appears in our model due to the lepton number
conservation, Majorana mass terms of ψaR and some of
new Yukawa interactions,2 where the parity is given by
ð−1ÞLþ2J. Three fields (ψaR, η, and sþ2 ) are odd under Z2.
The lightest Z2-odd particle is stable. If ψaR or η0 is the
lightest one, it can be a dark matter candidate.
In our model, there are three new Yukawa interactions as
LYukawa ¼ ðY1ÞliðlRÞcνiRsþ1 þ ðY2ÞlaðlRÞcψaRsþ2
þ ðYηÞlaLlηcψaR þ H:c: ð1Þ
TABLE I. The list of new fields in our model.
νiR ψaR Φ sþ1 η s
þ
2
Spin J 1=2 1=2 0 0 0 0
SUð2ÞL 1 1 2 1 2 1
Uð1ÞY 0 0 3=2 1 1=2 1
Z02 − þ (þ) − þ þ
L 1 0 −2 −2 −1 −1
Z2 þ − þ þ − −
1Actually, the Z02 parity of Φ is irrelevant to our study in this
article so that the odd-parity is also acceptable for Φ.
2These Majorana mass terms, Y1 and Y2 terms in Eq. (1)
explicitly break Uð1ÞLþ2J into its Z2 subgroup.
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The scalar potential is given by
V ¼ μ21jϕj2 þ μ22jΦj2 þ μ23jsþ1 j2 þ μ24jηj2 þ μ25jsþ2 j2
þ ðσ1Φ†ϕsþ1 þ H:c:Þ þ ðσ2Φ†ηsþ2 þ H:c:Þ þ ðσ3ϕ†ηcsþ2 þ H:c:Þ
þ λϕjϕj4 þ λΦjΦj4 þ λ1jsþ1 j4 þ ληjηj4 þ λ2jsþ2 j4
þ λϕΦjϕj2jΦj2 þ λ0ϕΦjϕ†Φj2 þ λϕηjϕj2jηj2 þ λ0ϕηjϕ†ηj2 þ λΦηjΦj2jηj2 þ λ0ΦηjΦ†ηj2
þ
X2
k¼1
fλϕkjϕj2jskj2 þ λΦkjΦj2jskj2 þ ληkjηj2jskj2g þ λ12jsþ1 j2jsþ2 j2
þ ðξ1η†Φη†ϕc þ H:c:Þ þ ðξ2Φ†ϕcðsþ2 Þ2 þ H:c:Þ: ð2Þ
Notice that σ1 is the soft breaking parameter for Z02.
3 There
are five complex coupling constants (σ1, σ2, σ3, ξ1, and ξ2),
and two CP-violating phases remain as physical para-
meters after redefinitions of phases of fields.4 In this
article, coupling constants in the scalar potential are taken
to be real, just for simplicity.
The SM Higgs doublet field ϕ does not mix with the
other scalar fields in our model. Thus, identically to the
SM, the field can be expressed as ϕ¼ðGþ;ðvþhþ iG0Þ=ﬃﬃﬃ
2
p ÞT , where v

¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
−μ21=λϕ
q
¼ 246 GeV

is the vacuum
expectation value. The real component h corresponds to the
SM Higgs boson, whose mass is given by mh ¼
ﬃﬃﬃﬃﬃﬃﬃ
2λϕ
p
v.
Nambu-Goldston bosons (Gþ and G0) are absorbed by the
longitudinally polarized weak gauge bosons by the electro-
weak symmetry breaking.
Fields Φþþ and η0 are mass eigenstates. Their squared
masses are given by
m2Φþþ ¼ μ22 þ
1
2
λϕΦv2; ð3Þ
m2
η0
¼ μ24 þ
1
2
ðλϕη þ λ0ηϕÞv2: ð4Þ
Mass eigenstates πþ1 and π
þ
2 , which are singly charged and
have L ¼ −2, are obtained by linear combinations of Φþ
and sþ1 as

πþ1
πþ2

¼ Uθ
Φþ
sþ1

; Uθ ¼

cos θ sin θ
− sin θ cos θ

; ð5Þ
where the mixing angle θ is defined as
tan 2θ ¼ −2ðM
2
Φs1Þ12
ðM2Φs1Þ22 − ðM2Φs1Þ11
;
M2Φs1 ¼
 
μ22 þ 12 ðλϕΦ þ λ0ϕΦÞv2 1ﬃﬃ2p σ1v
1ﬃﬃ
2
p σ1v μ23 þ 12 λϕ1v2
!
: ð6Þ
Squared masses of πþ1 and π
þ
2 are given by
m2π1 ¼
1
2

ðM2Φs1Þ11 þ ðM2Φs1Þ22
þ
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ððM2Φs1Þ22 − ðM2Φs1Þ11Þ2 þ 4ðM2Φs1Þ212
q 
; ð7Þ
m2π2 ¼
1
2

ðM2Φs1Þ11 þ ðM2Φs1Þ22
−
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ððM2Φs1Þ22 − ðM2Φs1Þ11Þ2 þ 4ðM2Φs1Þ212
q 
: ð8Þ
Mass eigenstates ωþ1 and ω
þ
2 , which are Z2-odd with
L ¼ −1, are constructed by linear combinations of ηþ and
sþ2 as follows:
ωþ1
ωþ2

¼ Uχ

ηþ
sþ2

; Uχ ¼

cos χ sin χ
− sin χ cos χ

; ð9Þ
where the mixing angle χ is defined as
tan 2χ ¼ −2ðM
2
ηs2Þ12
ðM2ηs2Þ22 − ðM2ηs2Þ11
;
M2ηs2 ¼
 
μ24 þ 12 λϕηv2 − 1ﬃﬃ2p σ3v
− 1ﬃﬃ
2
p σ3v μ25 þ 12 λϕ2v2
!
: ð10Þ
Squared masses of ωþ1 and ω
þ
2 are given by
m2ω1 ¼
1
2

ðM2ηs2Þ11 þ ðM2ηs2Þ22
þ
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ððM2ηs2Þ22 − ðM2ηs2Þ11Þ2 þ 4ðM2ηs2Þ212
q 
; ð11Þ
3IfΦ is taken to be odd under Z02, the soft breaking parameter is
σ2. Therefore, a product σ1σ2 breaks Z02 independently of the Z
0
2-
parity of Φ.
4If we take Φ as a Z02-odd field, terms of ξ1 and ξ2 are replaced
with ξ3Φ†ηcsþ1 s
þ
2 . Then, only oneCP-violating phase is physical.
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m2ω2 ¼
1
2

ðM2ηs2Þ11 þ ðM2ηs2Þ22
−
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ððM2ηs2Þ22 − ðM2ηs2Þ11Þ2 þ 4ðM2ηs2Þ212
q 
: ð12Þ
III. NEUTRINO MASS
Mass terms ðmDÞli ¯νlLνiR of Dirac neutrinos are gen-
erated in our model via two-loop diagrams in Fig. 1. The
Dirac neutrino mass matrix ðmDÞli is calculated as
ðmνÞli ¼
ðm2π2 −m2π1Þσ2 sinð2θÞ
2
×
X
l0;a;k
ðYηÞlaðY2Þl0aðY1Þl0iðUχÞ2k2Il0ak; ð13Þ
where the coupling constant σ1 in Fig. 1 is replaced by
using 2σ1hϕ0i ¼ ðm2π1 −m2π2Þ sinð2θÞ. The explicit formula
for the loop function Il0ak is given in Appendix A. Notice
that σ2 sinð2θÞ softly breaks Z02 that forbids LlϕcνiR.
Since we take the basis where νiR are mass eigenstates,
the neutrino mass matrix ðmνÞli is diagonalized as
mν ¼ UPMNSdiagðm1; m2; m3Þ; ð14Þ
where mi (i ¼ 1, 2, 3) denote masses of Dirac neutrinos.
The mixing matrix UPMNS is the Pontecorvo-Maki-
Nakagawa-Sakata matrix [24,25], which can be parame-
trized as
UPMNS ¼
0
B@
1 0 0
0 c23 s23
0 −s23 c23
1
CA
0
B@
c13 0 s13e−iδ
0 1 0
−s13eiδ 0 c13
1
CA
×
0
B@
c12 s12 0
−s12 c12 0
0 0 1
1
CA; ð15Þ
where cij ¼ cos θij and sij ¼ sin θij, and δ is a CP-
violating phase in the lepton sector.
IV. LEPTON FLAVOR VIOLATION
Matrices Y1, Y2, and Yη are not diagonal and cause LFV
processes. Radiative decays of charged leptons, l → l0γ,
can be caused via the one-loop diagrams in Fig. 2. Ignoring
ml0 , branching ratios of these decays are expressed as
Brðl → l0γÞ
Brðl → l0νlνl0 Þ
¼ 3
16π
α
G2Fm
4
l
ðjAs1R þ AωRj2 þ jAωLj2Þ;
ð16Þ
where α is the fine-structure constant, GF¼1.17×
10−5GeV−2 is the Fermi constant, Brðτ → eντνeÞ≃
0.178, Brðτ → μντνμÞ ≃ 0.174, and Brðμ→ eνμνeÞ ≃ 1
[26]. Formulas of As1R , A
ω
R, and A
ω
L are presented in
Appendix B. As1R corresponds to the contribution from
sþ1 to l → l
0
Rγ. Contributions of s
þ
2 and η
þ to l → l0Rγ are
given by AωR, while A
ω
L is for their contributions to l → l
0
Lγ.
Scalar fields that contribute to l → l0γ affect also
h→ ll0 (l ≠ l0) via diagrams in Fig. 3. Decay widths
for h → ll0 (l ≠ l0) are given by
Γðh→ ll0Þ ¼ Γðh → l¯l0Þ þ Γðh → l¯0lÞ
¼ mh
8π

1
16π2

2
ðjBs1R þ BωRj2 þ jBωLj2Þ; ð17Þ
where we take ml0 ¼ 0. Formulas of Bs1R , BωR, and BωL are
shown in Appendix C. The contribution from sþ1 is given by
Bs1R , while those from s
þ
2 and η
þ are involved in both of BωR
and BωL. The subscript X ð¼ L;RÞ in these BX’s indicates
the chirality of the lighter charged lepton l0X in the
final state.
New scalar bosons in our model contribute also to lm →
l¯nlplq (m ¼ 2, 3 and n, p, q ¼ 1, 2) with new Yukawa
interactions, where l1, l2 and l3 corresponds to e, μ, and τ,
FIG. 2. Feynman diagrams for charged lepton LFV processes
l → l0γ.
FIG. 3. Diagrams for h → ll¯0.
FIG. 1. The Feynman diagram to generate Dirac-type neutrino
masses. Arrows denote flows of the conserved lepton number.
Red colored lines represent those of Z2-odd fields.
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respectively. Contributions from penguin diagrams can be
ignored because of the constraint from l → l0γ. However,
if some coupling constants of new Yukawa interactions are
Oð1Þ, box diagrams in Fig. 4 should be considered.
Branching ratios for lm → l¯nlplq via the box diagrams
are given by
Brðlm → l¯nlplqÞ
Brðlm → lpνlm ν¯lpÞ
¼ S
64G2F

1
16π2

2
f4ðjðCs1RRRRÞmnpq þ ðCs2RRRRÞmnpqj2
þ jðCηLLLLÞmnpqj2Þ þ jðCωLLRRÞmnpqj2 þ jðCωLLRRÞmnqpj2
− Re½ðCωLLRRÞmnpqðCωLLRRÞmnqp þ jðCωRRLLÞmnpqj2
þ jðCωRRLLÞmnqpj2 − Re½ðCωRRLLÞmnpqðCωRRLLÞmnqp
þ jðCωLRRLÞmnpqj2 þ jðCωRLLRÞmnpqj2 þ jðCωLRLRÞmnpqj2
þ jðCωRLRLÞmnpqj2g; ð18Þ
where S ¼ 1 (2) for p ¼ q (p ≠ q). The variable
ðCs1RRRRÞmnpq ( ðCs2RRRRÞmnpq ) corresponds to the contribu-
tion from sþ1 (s
þ
2 ) in the first diagram (the second and the
third diagrams) in Fig. 4: the structure of chiralities is
lmR → lnRlpRlqR because charged leptons that have
Yukawa interactions with sþ1 and s
þ
2 are only right-handed
ones. The contribution from ηþ to lmL → lnLlpLlqL via
the second and the third diagrams in Fig. 4 is given by
ðCηLLLLÞmnpq. The other ðCωÞmnpq’s arise due to the mixing
between sþ2 and η
þ in the second and the third diagrams in
Fig. 4. See Appendix D for formulas of ðCÞmnpq ’s. Current
constraints on the branching ratios for LFV processes
(l → l0γ, h → ll0, and lm → l¯nlplq) are summarized
in Table II.
V. DARK MATTER
In our model, dark matter candidates are the lightest of
fermions ψa and a scalar η0, which are neutral Z2-odd
particles. Notice that η0 from a doublet field is a complex
scalar with the lepton number L ¼ −1. In other words,
there is no mass splitting betweenCP-even and odd parts of
η0. According to Ref. [32], the scenario where the dark
matter is such a complex scalar is stringently constrained
from direct search experiments because it interacts with
nuclei at tree level. Therefore, we consider the case where
the dark matter is the lightest one of gauge singlet Majorana
fermions ψa.
The dark matter candidate ψa can be annihilated via tree-
level diagrams shown in Fig. 5. The thermal averages
FIG. 4. Feynman diagrams for lm → l¯nlplq.
TABLE II. Current experimental constrains on branching ratios
of LFV processes.
Process Upper limit
μ → eγ 4.2 × 10−13 [27]
τ → eγ 3.3 × 10−8 [28]
τ → μγ 4.4 × 10−8 [28]
Process Upper limit
μ → e¯ee 1.0 × 10−12 [29]
τ → e¯ee 2.7 × 10−8 [30]
τ → μ¯eμ 2.7 × 10−8 [30]
τ → e¯μμ 1.7 × 10−8 [30]
τ → e¯eμ 1.8 × 10−8 [30]
τ → μ¯ee 1.5 × 10−8 [30]
τ → μ¯μμ 2.1 × 10−8 [30]
Process Upper limit
h → μe 3.5 × 10−4 [31]
h → τe 6.1 × 10−3 [22]
h → μτ 2.5 × 10−3 [22]
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hσvreli, where σ is annihilation cross section of ψa and vrel
denotes the relative velocity of the initial particles, is given
by a sum of two processes as hσvreli ¼ hσlvreli þ hσνvreli.
Thermal averages hσlvreli and hσνvreli correspond to the
effects of left and right diagrams in Fig. 5, respectively.
Formulas of hσlvreli and hσνvreli are shown in Appendix E.
Notice that the s-wave annihilation is only involved in
hσlvreli with a mixing χ.
For the case where the elements of Yη and the mixing
angle χ are negligible (we take such a benchmark
scenario in the next section), the dominant contribution
to hσvreli comes from the mediation of sþ2 (≃ωþ2 ) in the
left diagram in Fig. 5. Then, hσvreli is approximately
calculated as
hσvreli ≃
1
8π
ðY†2Y2Þ2aa
M2ψaðM4ψa þm4ω2Þ
ðM2ψa þm2ω2Þ4
1
x
; ð19Þ
where x ¼ mψa=T at the temperature T. In Appendix E,
hσvreli for the more general case is presented. The relic
abundance of ψa with the p-wave annihilation is
calculated as
Ωψah
2 ¼ 1.04× 109 × 2× x2f
ﬃﬃﬃﬃ
g
p
gs

GeV−1
mPlhσvrelijx¼1

; ð20Þ
where mPl ¼ 1.2 × 1019 GeV stands for the Planck mass,
and g ¼ 106.75 (gS ¼ 106.75) is the effective degree of
freedom for energy (entropy) density in the era of the freeze
out of the dark matter [33], and xf is defined by
xf ¼ ln½0.038 × 2ðgψ=
ﬃﬃﬃﬃ
g
p ÞmPlMψahσvrelijx¼1
−
3
2
lnfln½0.038 × 2ðgψ=
ﬃﬃﬃﬃ
g
p ÞmPlMψahσvrelijx¼1g;
ð21Þ
where gψ ¼ 2 is the degree of freedom of ψa.
VI. BENCHMARK SCENARIOS AND
NUMERICAL EVALUATION
We here consider the possibility that h → μτ is enhanced
in comparison with LFV decays of charged leptons. First,
we take the following benchmark scenario for m1 < m3
(the normal ordering case of neutrino masses):
σ2 ¼ 50 GeV; sin 2θ ≃ −3.38 × 10−2; sin 2χ ≃ 4.99 × 10−7;
λϕ1 ¼ 2.0; λϕ2 ¼ −2.0; λϕη ¼ −2.0; λϕΦ ¼ λ0ϕΦ ¼ 2.0;
Mψ1 ¼ 22.1 GeV; Mψ2 ¼ 70 GeV; Mψ3 ¼ 100 GeV;
mπ1 ¼ 520 GeV; mπ2 ¼ 510 GeV;
mω1ðmηþÞ ¼ 1000 GeV; mω2ðms2Þ ¼ 550 GeV; mη0 ¼ 1000 GeV;
Y1 ¼
0
B@
10−4 10−4 0.10
2.74 2.14 10−4
3.50 3.47 10−4
1
CA;
Y2 ¼
0
B@
10−4 10−4 0.10
−3.50 −3.47 10−4
2.26 3.50 10−4
1
CA; Yη ≃
0
B@
−1.17 × 10−4 −1.47 × 10−5 4.17 × 10−3
1.90 × 10−5 −2.80 × 10−5 1.83 × 10−2
1.25 × 10−5 2.16 × 10−5 2.16 × 10−2
1
CA: ð22Þ
The small value of the mixing angle χ implies ωþ1 ≃ ηþ and
ωþ2 ≃ s
þ
2 . Since π
þ
k and ω
þ
k have Yukawa interactions
only with leptons, their masses are constrained by the
slepton searches in the context of supersymmetric models
at the LHC, which give about 500 GeV as the lower
bound [34].
The generated neutrino mass matrix results in the
following values, which are consistent with the current
constraint from neutrino oscillation experiments [26]:
sin2θ12 ¼ 0.307; sin2θ13 ¼ 2.12 × 10−2;
sin2θ23 ¼ 0.417; ð23Þ
Δm221 ¼ 7.53 × 10−5 eV2; ð24Þ
Δm232 ¼ 2.51 × 10−3 eV2; ð25Þ
m1 ¼ 0.048 eV; ð26Þ
δ ¼ 0; ð27Þ
FIG. 5. Diagrams that give leading contributions to the DM
relic abundance.
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whereΔm2ij ¼ m2i −m2j . The values ofm1 is also consistent
with
P
imi < 0.26 eV that is given by cosmological
observations [35], although m1 is not constrained by the
oscillation data.
In Table III, we show branching ratios for the LFV
processes l → l0γ, lm → l¯nlplq, and h → ll0 in our
benchmark scenario given in Eq. (22). They satisfy the
constraints from the current data in Table II. Since
the elements of Yη are rather small as seen in Eq. (22),
the contribution from ηþ to l → l0γ [AωL in Eq. (16)] is
negligible. Then, values of BRðl → l0γÞ in our benchmark
scenario are suppressed due to the cancellation of As1R and
AωR, which are contributions from s
þ
1 and s
þ
2 , respectively.
This is an interesting utilization of scalar bosons (sþ1 and
sþ2 ) that are originally introduced for generating neutrino
masses. On the other hand, the contribution from ηþ to
h→ ll0 [BωL in Eq. (17)] is also negligible due to small
values of components of Yη. Even though contributions
from sþ1 and s
þ
2 to l → l
0γ are destructive with each other,
their contributions to h → ll0 [Bs1R and B
ω
R in Eq. (17)]
are not necessarily canceled with each other because of
the sign flip by using coupling constants in the scalar
sector, Λπ22 and Λω22 in Appendix C.
5 In our benchmark
scenario, BRðh → μτÞ is indeed much larger than
BRðτ → μγÞ. This hierarchy is what expected in
Ref. [23], and our calculation explicitly shows that the
expectation is correct.
In Fig. 6, we show plots of the branching ratio for τ → μγ
vs that for h→ μτ. In the left one, we change only the
values of ðY1Þμ2 between −3.5 and 3.5. In the right one, we
assume that the form of the matrices Y1 and Y2 is
Yk ¼
0
B@
10−4 10−4 0.10
ðYkÞμ1 ðYkÞμ2 10−4
ðYkÞτ1 ðYkÞτ2 10−4
1
CA; ð28Þ
where k ¼ 1, 2, and then we vary eight unfixed parameters
between −3.5 and 3.5. The orange points are predictions
with same sign λ’s, λϕ1 ¼ λϕ2 ¼ λϕη ¼ λϕΦ ¼ λ0ϕΦ ¼ 2.0.
The blue points are ones with opposite sign λ’s, λϕ1 ¼
λϕΦ ¼ λ0ϕΦ ¼ 2.0 and λϕ2 ¼ λϕη ¼ −2.0, as in the bench-
mark scenario. In both of the plots, values of fixed
parameters are taken to be the same with those of the
benchmark scenario. Two branching ratios are equal on the
solid line in the figures. The upper dashed line is the current
upper limit for BRðτ → μγÞ, 4.4 × 10−8, and the lower one
is the expected upper limit, 1.0 × 10−9, from the Belle-II
experiment [36] with the integrated luminosity 50ab−1. In
the case with same sign λ’s, the correlation between
branching ratios is almost linear, and BRðτ → μγÞ is larger
than BRðh → μτÞ in most of the orange points. In the case
with opposite sign λ’s, on the other hand, BRðh→ μτÞ are
significantly larger than BRðτ → μγÞ in some of the blue
points. This is just what we anticipated. The red point
represents the result in the benchmark scenario.
In Fig. 7, we show the plot for BRðτ → μ¯μμÞ vs BRðh →
μτÞ under the same assumptions as in the right one of
Fig. 6. The upper dashed line is the current upper limit for
BRðτ → μ¯μμÞ, 2.1 × 10−8, and the lower one is the
expected upper limit, 3.3 × 10−10, from the Belle-II experi-
ment [36] with the integrated luminosity 50 ab−1. We
cannot find any correlation between the branching ratios,
because these processes are given by different kinds of
Feynman diagrams.
From Figs. 6 and 7, it is obvious that BRðτ → μγÞ and
BRðτ → μ¯μμÞ in our benchmark scenario is smaller than
the each expected upper limits at the Belle II experiment,
and these experiments cannot verify our scenario. However,
the branching ratio of h → μτ is about 105-times larger than
our prediction on BRðτ → μγÞ. The expected sensitivities
of this process are Oð10−4Þ at HL-LHC [37,38] and
Oð10−5Þ at ILC250 [39], and our prediction on BRðh →
μτÞ is close to the sensitivity at ILC250. There is the
possibility that we can test our scenario at ILC250 by
detecting of h → μτ.
The dark matter in the benchmark scenario is the lightest
Z2-odd Majorana fermion ψ1. The density of the thermal
relic abundance Ωψ1h
2 can be evaluated with Eqs. (19)–
(21), which are valid for the case where Yη and χ are
negligible. The Planck experiment shows that ΩDMh2 ¼
0.1200 0.0012 [40]. In Fig. 8, we show Ωψ1h2 as a
TABLE III. Numerical results for the LFV branching ratios in
the benchmark scenario for the normal ordering case.
Process Numerical result
μ → eγ 2.36 × 10−15
τ → eγ 8.26 × 10−14
τ → μγ 4.68 × 10−10
Process Numerical result
μ → e¯ee 1.26 × 10−18
τ → e¯ee 4.28 × 10−18
τ → μ¯eμ 1.97 × 10−11
τ → e¯μμ 9.70 × 10−12
τ → e¯eμ 2.06 × 10−10
τ → μ¯ee 1.75 × 10−12
τ → μ¯μμ 3.98 × 10−11
Process Numerical result
h → μe 1.43 × 10−16
h → τe 1.56 × 10−15
h → μτ 4.05 × 10−5
5Notice that other Λπ’s and Λω’s do not contribute to the
cancellation dominantly because θ and χ are small in the
benchmark scenario.
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function of the dark matter massMψ1 , where Y2 andmω are
fixed to the values of the benchmark scenario. The blue
curve is the mass dependence in our model, and the
horizontal line shows the observed value. It is clear that
the appropriate value of Ωψ1h
2 is obtained for Mψ1 ¼
22.1 GeV in the benchmark scenario.
There is no tree-level contribution to the dark matter
scattering off nuclei, because ψa are gauge singlet fer-
mions. The scattering occurs at one-loop level via three
penguin diagrams with ω1, ω2, and η0 in the loop. In our
benchmark scenario, the elements of the matrix Yη are
typically smaller than those of Y2, so that we consider only
the contribution from the diagram with ω2 in the loop. In
Ref. [41], the authors studied in detail the gauge singlet
Majorana dark matter which is coupled to a dark scalar and
charged leptons. They also considered the scenario where
the dark matter has no interaction with electrons, which is
similar to our benchmark scenario. They gave the constraint
from the direct searches with the combined data from
XENON1T [42], PandaX [43], and LUX [44]. From their
results, we expect the dark matter in our benchmark
scenario satisfies the constraint from the current direct
detection experiments.
The Higgs boson can decay to a pair of dark matter
particles in our benchmark scenario, and it is observed as
invisible decay of the Higgs boson at the collider experi-
ments. The decay is induced via one-loop diagrams,
and the branching ratio in our benchmark scenario is
BRðh → ψ1ψ1Þ ¼ 2.0 × 10−3. The current upper limit
for the branching ratio of h → inv is 0.24 [45].
Therefore, our benchmark scenario is consistent with this
constraint. In our benchmark scenario, the Z boson can
also decay to a pair of dark matter particles at one-loop
level. The current data of the total invisible width of the
Z boson from LEP is 499.0 1.5 MeV [46], and the
prediction in the SM of it is 501.44 0.04 MeV [26].
These and the observed full decay width of the Z boson,
Γ ¼ 2.4952 0.0023 GeV [46], lead the current upper
limit for the branching ratio of Z → ψ1ψ1, BRðZ →
ψ1ψ1Þ < 2.0 × 10−4. The prediction in our benchmark
scenario is BRðZ → ψ1ψ1Þ ¼ 1.2 × 10−5, and it satisfies
the current upper limit. The explicit formulas of Γðh →
ψ1ψ1Þ and ΓðZ → ψ1ψ1Þ in our benchmark scenario are
shown in the Appendix F.
Next, we consider the benchmark scenario for the
inverted ordering case (m3 < m1). The difference from
FIG. 8. Mass dependence of the DM relic abundance in the
benchmark scenario for the normal ordering case of neutrino
masses.
FIG. 7. The plot of the branching ratio for τ → μ¯μμ vs that for
h → μτ.
FIG. 6. Plots of the branching ratio for τ → μγ vs that for h → μτ.
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the normal ordering case appears on Yη, and we
here take
Yη ≃
0
B@
−2.09 × 10−4 −2.54 × 10−5 4.17 × 10−3
3.25 × 10−5 −4.76 × 10−5 1.84 × 10−2
1.88 × 10−5 4.05 × 10−5 2.16 × 10−2
1
CA:
ð29Þ
All the other parameters are taken to be the same with those
in Eq. (22).
The neutrino mass matrix generated at two loop gives the
following values, which are consistent with the current
constraint from neutrino oscillation experiments [26],
sin2θ12 ¼ 0.307; sin2θ13 ¼ 2.12 × 10−2;
sin2θ23 ¼ 0.421; ð30Þ
Δm221 ¼ 7.53 × 10−5 eV2; ð31Þ
Δm232 ¼ −2.56 × 10−3 eV2; ð32Þ
m3 ¼ 0.07 eV; ð33Þ
δ ¼ 0: ð34Þ
The value of m3 satisfies the condition from the Planck
observation,
P
imi < 0.26 eV [35].
Branching ratios for the LFV processes in this scenario
are listed in Table IV. All branching ratios are the same as
those in the scenario in Eq. (22), because the elements
of Yη are typically smaller than those of Y1 and Y2 in the
both scenarios. BRðh→ μτÞ is about 105 times larger than
our prediction on BRðτ → μγÞ.
The dark matter in this scenario is again the lightest
Z2-odd Majorana fermion ψ1. The density of the thermal
relic abundance depends on only ðY†2Y2Þ11;Mψ1 andmω2 in
the case, where Yη and χ are negligibly small. Values of
these parameters are the same with those of Eq. (22).
Therefore, Mψ1 ¼ 22.1 GeV can still explain the observed
relic density ΩDMh2 ¼ 0.1200 0.0012 [40], just like in
the benchmark scenario for the case of m1 < m3. The
constraints from the direct detection experiments and the
invisible decay of the Higgs boson and the Z boson are also
the same with those in the previous scenario.
VII. CONCLUSIONS
We have proposed a new mechanism to explain neutrino
masses with lepton number conservation, in which the
Dirac neutrino masses are generated at the two-loop level
involving a dark matter candidate. In this model branching
ratios of lepton flavor violating decays of the Higgs boson
can be much larger than those of lepton flavor violating
decays of charged leptons. We have found the benchmark
scenarios for normal ordered masses of neutrinos and
inverted ones, where the neutrino mass matrix, the relic
density of dark matter and the branching ratios for LFV
processes can satisfy the constraints from current exper-
imental data. We have showed that BRðh → μτÞ is about
105 lager than BRðτ → μγÞ in our benchmark scenarios. If
the lepton flavor violating decays of the Higgs boson are
observed at the future collider experiments without
detecting lepton flavor violating decays of charged leptons,
most of the previously proposed models are excluded,
while our model can still survive.
In this paper, we did not discuss collider signature of
new scalars and fermions. Collider phenomenology for
Z2-even/odd charged singlet scalars in different models can
be found in the literature [47,48]/[48–50], while that for Φ
(Y ¼ 3=2) has been discussed in Refs. [51,52] in the
different context. We will discuss these issues elsewhere
in the future [53].
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APPENDIX A: THE LOOP FUNCTION IN THE
NEUTRINO MASS MATRIX
The neutrino mass matrix formula given by Eq. (13) in
Sec. III contains the loop function Il0ak (k ¼ 1, 2, a ¼ 1, 2,
3 and l0 ¼ e, μ, τ). We here show the explicit formula
for Il0ak;
Il0ak ¼
1
ð16π2Þ2
1
ðm2π2 −m2π1ÞðM2ψa −m2η0Þ
×
Z
1
0
dz z

1
m2π1 −m
2
l0
ðfakðm2π1Þ − fakðm2l0 ÞÞ
−
1
m2π2 −m
2
l0
ðfakðm2π2Þ − fakðm2l0 ÞÞ

; ðA1Þ
where the function fak is defined as follows
fakðm2Þ ¼ m4fLi2ðzψkaðm2ÞÞ − Li2ðzηkðm2ÞÞg; ðA2Þ
with
zψakðm2Þ ¼ 1 −
1
zð1 − zÞm2 fM
2
ψa þ zðm2ωk −M2ψaÞg;
ðA3Þ
zηkðm2Þ ¼ 1 −
1
zð1 − zÞm2 fm
2
η0
þ zðm2ωk −m2η0Þg; ðA4Þ
Li2ðxÞ ¼
Z
x
0
dt
1
−t
lnð1 − tÞ: ðA5Þ
APPENDIX B: SOME FORMULAS
FOR l→ l0γ
In Sec. IV, blanching ratios for l → l0γ are given by
Eq. (16), which depend on As1R ; A
ω
R and A
ω
L. We here present
their explicit formulas. They are given by
As1R ¼
X
k
1
12
m2l
m2πk
ðY1Y†1Þll0 ðUθÞ2k2; ðB1Þ
AωR ¼
X
a;k
1
2
m2l
m2ωk
	
ðY2Þl0aðY2ÞlaðUχÞ2k2F2

M2ψa
m2ωk

−
Mψa
ml
ðY2Þl0aðYηÞlaðUχÞk1ðUχÞk2G

M2ψa
m2ωk


;
ðB2Þ
AωL ¼
X
a;k
1
2
m2l
m2ωk
	
ðYηÞl0aðYηÞlaðχ0kÞ2F2

M2ψa
m2ωk

−
Mψa
ml
ðY2ÞlaðYηÞl0aðUχÞk1ðUχÞk2G

M2ψa
m2ωk


; ðB3Þ
where F2ðxÞ and GðxÞ are defined as
F2ðxÞ ¼
1
6ð1 − xÞ4 ð1 − 6xþ 3x
2 þ 2x3 − 6x2 ln xÞ; ðB4Þ
GðxÞ ¼ 1ð1 − xÞ3 ð1 − x
2 þ 2x ln xÞ: ðB5Þ
Terms that proportional to Mψa=ml in formulas of A
ω
R and
AωL appear due to the mixing between s
þ
2 and η
þ.
APPENDIX C: SOME FORMULAS FOR h → ll0
In Sec. IV, blanching ratios for h→ ll0 are given by
Eq. (17), which depend on Bs1R ; B
ω
R, and B
ω
L. We here give
their explicit formulas. They are defined as
Bs1R ¼ mlðY1Y†1Þll0
X
k;k0
Λπkk0 ðUθÞk2ðUθÞk02
×
Z
1
0
dxdydz
z
ym2πk þ zm2πk0 − yzm2h
; ðC1Þ
BωR ¼
X
a;k;k0
mlðY2ÞlaðY2Þl0aΛωkk0 ðUχÞk2ðUχÞk02
×
Z
1
0
dxdydz
z
xM2ψa þ ym2ωk þ zm2ωk0 − yzm2h
þ
X
a;k;k0
MψaðYηÞlaðY2Þl0aΛωkk0 ðUχÞk1ðUχÞk02
×
Z
1
0
dxdydz
1
xM2ψa þ ym2ωk þ zm2ωk0 − yzm2h
; ðC2Þ
BωL ¼
X
a;k;k0
mlðYηÞlaðYηÞl0aΛωkk0 ðUχÞk1ðUχÞk01
×
Z
1
0
dxdydz
z
xM2ψa þ ym2ωk þ zm2ωk0 − yzm2h
þ
X
a;k;k0
MψaðY2ÞlaðYηÞl0aΛωkk0 ðUχÞk2ðUχÞk01
×
Z
1
0
dxdydz
1
xM2ψa þ ym2ωk þ zm2ωk0 − yzm2h
: ðC3Þ
Coefficients Λπkk0 and Λ
ω
kk0 are defined in order to satisfy
L ¼
X
k;k0
ðΛπkk0πþk π−k0 þ Λωkk0ωþk ω−k0 Þh; ðC4Þ
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and given by
Λπ11 ¼ −
σ1ﬃﬃﬃ
2
p sin 2θ − ðλϕΦ þ λ0ϕΦÞvcos2θ − λϕ1vsin2θ;
ðC5Þ
Λπ12 ¼ Λπ21 ¼ −
σ1ﬃﬃﬃ
2
p cos 2θ þ 1
2
ðλϕΦ þ λ0ϕΦÞv sin 2θ
−
1
2
λϕ1v sin 2θ; ðC6Þ
Λπ22 ¼
σ1ﬃﬃﬃ
2
p sin 2θ − ðλϕΦ þ λ0ϕΦÞvsin2θ − λϕ1vcos2θ; ðC7Þ
Λω11 ¼
σ3ﬃﬃﬃ
2
p sin 2χ − λϕηvcos2χ − λϕ2vsin2χ; ðC8Þ
Λω12 ¼ Λω21 ¼
σ3ﬃﬃﬃ
2
p cos 2χ þ 1
2
λϕηv sin 2χ −
1
2
λϕ2v sin 2χ;
ðC9Þ
Λω22 ¼ −
σ3ﬃﬃﬃ
2
p sin 2χ − λϕηvsin2χ − λϕ2vcos2χ: ðC10Þ
APPENDIX D: SOME FORMULAS
FOR lm → l¯nlplq
In Sec. IV, blanching ratios for lm → l¯nlplq are given
by Eq. (18), which depend on ðCs1RRRRÞmnpq, ðCs2RRRRÞmnpq,
ðCηÞmnpq, and ðCωÞ0mnpqs. We here give their explicit
formulas. They are given by
ðCs1RRRRÞmnpq ¼ −
1
2
½ðY1Y†1ÞmpðY1Y†1Þnq þ ðp↔ qÞ
X
k;k0
ðUθÞ2k2ðUθÞ2k02
Z
1
Δ
; ðD1Þ
ðCs2RRRRÞmnpq ¼ −
X
a;b;k;k0
1
2
ððY2ÞmaðY2ÞnbðY2ÞpaðY2Þqb þ ðp↔ qÞÞðUχÞ2k2ðUχÞ2k02
Z
1
Σ
−
X
a;b;k;k0
MψaMψbðY2ÞmaðY2ÞnaðY2ÞpbðY2ÞqbðUχÞ2k2ðUχÞ2k02
Z
1
Σ2
; ðD2Þ
ðCηLLLLÞmnpq ¼ −
X
a;b;k;k0
1
2
ððYηÞmaðYηÞnbðYηÞpaðYηÞqb þ ðp↔ qÞÞðUχÞ2k1ðUχÞ2k01
Z
1
Σ
−
X
a;b;k;k0
MψaMψbðYηÞmaðYηÞnaðYηÞpbðYηÞqbðUχÞ2k1ðUχÞ2k01
Z
1
Σ2
; ðD3Þ
ðCωLLRRÞmnpq ¼
X
a;b;k;k0
MψaMψbðYηÞmaðYηÞnbðY2ÞpaðY2ÞqbðUχÞk1ðUχÞk01ðUχÞk2ðUχÞk02
Z
1
Σ2
; ðD4Þ
ðCωRRLLÞmnpq ¼
X
a;b;k;k0
MψaMψbðY2ÞmaðY2ÞnbðYηÞpaðYηÞqbðUχÞk2ðUχÞk02ðUχÞk1ðUχÞk01
Z
1
Σ2
; ðD5Þ
ðCωRLLRÞmnpq ¼
X
a;b;k;k0
ðY2ÞmaðYηÞnbðUχÞk2ðUχÞk01
×

MψaMψbðYηÞpaðY2ÞqbðUχÞk01ðUχÞk2
Z
1
Σ2
þ ðYηÞpbðY2ÞqaðUχÞk1ðUχÞk02
Z
1
Σ

−
X
a;b;k;k0
ðY2ÞmaðYηÞnaðUχÞk2ðUχÞk01ðYηÞpbðY2ÞqbððUχÞk1ðUχÞk02 − ðUχÞk01ðUχÞk2Þ
Z
1
Σ
; ðD6Þ
ðCωLRRLÞmnpq ¼
X
a;b;k;k0
ðYηÞmaðY2ÞnbðUχÞk1ðUχÞk02
×

MψaMψbðY2ÞpaðYηÞqbðUχÞk1ðUχÞk02
Z
1
Σ2
þ ðY2ÞpbðYηÞqaðUχÞk2ðUχÞk01
Z
1
Σ

−
X
a;b;k;k0
ðYηÞmaðY2ÞnaðUχÞk1ðUχÞk02ðY2ÞpbðYηÞqbððUχÞk2ðUχÞk01 − ðUχÞk1ðUχÞk02Þ
Z
1
Σ
; ðD7Þ
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where Δ and Σ are defined as
Δ ¼ xm2πk þ ym2πk0 ðD8Þ
Σ ¼ xm2ωk þ ym2ωk0 þ zM2ψa þ ωM2ψb ; ðD9Þ
and the symbol
R
denotes the integration with respect to x,
y, z, and ω as follows;
Z
¼
Z
1
0
dxdydzdω: ðD10Þ
By exchanging p and q for ðCωRLLRÞmnpq and
ðCωLRRLÞmnpq, we obtain
ðCωRLRLÞmnpq ¼ − ðCωRLLRÞmnqp; ðD11Þ
ðCωLRLRÞmnpq ¼ −ðCωLRRLÞmnqp: ðD12Þ
APPENDIX E: ANNIHILATION OF
DARK MATTER ψa
In Sec. V, we have shown only the approximate formula
for the thermal averaged cross section for annihilation of
the dark matter ψa, hσvreli. In this Appendix, we show the
complete formula at tree level. First, the contribution from
annihilation to a pair of charged leptons, hσlvreli, which is
shown by the left of Fig. 5, is given by
hσlvreli ¼
X
k;k0
1
8π
ððY†2Y2Þ2aaðUχÞ2k2ðUχÞ2k02 þ ðY†ηYηÞ2aaðUχÞ2k1ðUχÞ2k01Þ
×
M2ψaðM4ψa þm2ωkm2ωk0 Þ
ðM2ψa þm2ωkÞ2ðM2ψa þm2ωk0 Þ2
1
x
þ
X
k;k0
1
16π
ðY†2Y2ÞaaðY†ηYηÞaaðUχÞ2k2ðUχÞ2k02ðUχÞ2k1ðUχÞ2k01
×
	
2M2ψa
ðM2ψa þm2ωkÞðM2ψa þm2ωk0 Þ
þ M
2
ψa
ðM2ψa þm2ωkÞ3ðM2ψa þm2ωk0 Þ3
× f5M8ψa þ 12M6ψaðm2ωk þm2ωk0 Þ þ 3M4ψaðm4ωk þ 8m2ωkm2ωk0 þm4ωk0 Þ
þ 4M2ψam2ωkm2ωk0 ðm2ωk þm2ωk0 Þ − 3m4ωkm4ωk0 g
1
x


: ðE1Þ
Second, the contribution from annihilation to a pair of
neutrinos, < σνvrel >, which is represented by the right of
Fig. 5, is given by
hσνvreli ¼
ðY†ηYηÞ2aa
8π
M2ψaðM4ψa þm4ηÞ
ðM2ψa þm2ηÞ4
1
x
: ðE2Þ
The complete formula for hσvreli is given at tree level by the
sum of Eq. (E1) and (E2).
APPENDIX F: DECAY RATES OF THE
INVISIBLE DECAY OF THE HIGGS
BOSON AND THE Z BOSON
In the benchmark scenarios in Sec. VI, the Higgs boson
and the Z boson can decay to a pair of dark matters. In this
Appendix, we show the formulas of Γðh → ψ1ψ1Þ and
ΓðZ → ψ1ψ1Þ. We assume the elements of Yη and the
mixing angle χ are negligibly small as the benchmark
scenarios, and the only leading terms of the each decay
rates are shown. The decay rate of the Higgs boson to a pair
of dark matters is given by
Γðh→ ψ1ψ1Þ ¼
mh
4π

1
16π2

2

1 − 4
M2ψ1
m2h
3
2ðλϕ2vÞ2jDhj2;
ðF1Þ
where
Dh ¼
X
l¼e;μ;τ
jðY2Þl1j2
Z
1
0
dxdydz
×
zMψ1
ym2l þ ð1 − yÞm2ω2 − yð1 − yÞM2ψ1 − xzm2h
: ðF2Þ
The decay rate of the Z boson to a pair of dark matters is
given by
ΓðZ→ ψ1ψ1Þ ¼
mZαtan2θw
6

1
16π2

2

1− 4
M2ψ1
m2Z
3
2jDZj2;
ðF3Þ
where mZ is the mass of the Z boson, θw is the Weinberg
angle and DZ is given by
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DZ ¼
X
l¼e;μ;τ
jðY2Þl1j2
Z
1
0
dxdydz
	
ln
ð1 − yÞm2l þ ym2ω2 − yð1 − yÞM2ψ1 − xzm2Z
ym2l þ ð1 − yÞm2ω2 − yð1 − yÞM2ψ1 − xzm2Z

þ xzm
2
Z − y2M2ψ1
ð1 − yÞm2l þ ym2ω2 − yð1 − yÞM2ψ1 − xzm2Z


: ðF4Þ
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